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ABSTRACT

NASA is planning a number of exciting space
science and space exploration mssions into
the ecarly 21st century. Most of these
misgions a1 e mass, volume and cost critical
and hence cquir e batteries with high
specific cnergy and energydensity.State-
o f-the ~art Ag-Z2n and N -Cd hat. t eries are
too heavy and bulky for many of these
future, missions. ‘1'0 mecct these chal lenges
arl, is developing a number ¢f advanced
batteries und er a NASA spon sored prog ram.
The advanced batteries pre se ntly under
development arc: ])  lLi-socl, cells, 2)
sccondary lithium cells 3) advanced metal
hydride cells and 4) high t cupe rat ure
sod i um- nickel c¢hloride cel 1s. This paper
gives an overview (Jf the JPI, Advanced
bat t ery 't ogr an.

I NTRODUCTI ON

NASA is planning a number of exciting space
scicence and space exploration missions into
the carly 21st century to expand knowledge
of the Fkarth, its environment, the solar
system and the Universce, and to establish
a permanently wmanned presence in spacetd.
Most of the future space missions can be
broadly classificd into the following seven
categorices: 1) launch Vehicles, 2) Near
Farth Missions, 3) Planctary Spacecraft, 4)
surface Explorers, 5) Probes and
Penetrators, 6) Planetary Surface Power,
and 7) Mars and Venus Mission bower @,
The power reqguirements of these nissions
vary from a few tens of watts to few
Kilowatis depending on the mission.  Most
of these missions are mass, volume and cost
critical.

State-of-the-art (SOA) silver-zince and
nickel-cadmium batteries are too heavy and
bulky for many of the future missions and
further in sowe cases they do not nmeet the
life and environmental requircements. These
batteries also have poor charge retention
propertics. The najor t.echnology
challenges in the battery arca are: 1)
Yordnoe Hatt oy v doht (00 0 4 Jare Ve ey
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SQA batteries), 2) reduce battery voluwe (
2-3 times), 3) increase operation life ( >
10yoars), 4) inprove specific power and
power density, 5) ext enad active
storage/charge retention and 6) improve

capab ility to operat € under extr ene
envir onments. Thesie  jwprovement s are
projected to result in significant launch
cost  savings  and 1 ncrease  in o pay] oad
capabl 1l ity. Nc) one single battery systen
call meet all these requirenents . Sone

appl ications require high speci fic enerqgy,
and 1long active shelf life primary

batieries (planctary probes launch
vehicles) ant] some others require high
speci fic: energy long  life  sccondary
batteries (planetary spacecraft and ncar
carth missions) . To meet these technical

chal lenges, JPL is developing a number of
advanc ed bal teri es under a NASA sponsored
program. This paper gives an overview of
the  JP1L. Advanced Batlery Progran and
sunnarizes the status of the developmnent of
various battery technologies at JIPl.

Jrl, ADVANCED BATTERY PROGRAM OVERVIEW

The specific goals of the JPL program arc
to develop advanced primary and secondary
batteries with 2-3 times the specific
energy and enerqgy density of SOA batterics,
capable of providing greater than 2000 decp
discharge cycles, and 5-10 year active
life. The advanced batteries presently
under development/assessmnent at JPl. are
1) primary Li-s0Cl, cells , 2) awbient
tenperature  sccondary  lithium cells  3)
advanced metal hydride cells and 4) high
temperature sodium-nhickel chloride cells.
A comparison of the specific cnergy and
energy density of the $0A and advancoed
primary and sccondary batteries are given
in PFigures 1 and 2 respectively. The
performance envelope of the various SOA and
advanced sccondary batterices is given in
Figure 3. From the data it can be scoen
that  nickel-metal  hydride and  lithiug
batteries arc suitable for low power
applications and bipolar Ni-H, and sodiun
metal chloride batterics are suitable fo
applications requiring»> » bW ol power.,
Significant mass and cost  aoivantages ars
projectoed with the use o tinee vanced
batteries (Figurec
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made at ' 3Pl to elate in these vari ous
battery technologi es.

PRIMARY LI- SOC1, CELL PROGRAM

The lithium~-thi onyl chloride cell posscss
higher speci f ic energy and ene rgy de nsity
than any currently available prinmary co]] .

Other desirable features of these cells
are : higher operating voltage, excell ent
voltage  stability  over 95%  f the
discharge, operating capability over a wide,

operat ing t enper at ure range , and
exceptionally long active storage 1 ife. 1In
view of these features NASA is considering
to use these cells / batteries in scoveral
space mis sions such as  planetary probes,
penetrators, astronaut ecquipment, 1 aunch
vehicles etc.

The prime objective of this program is tc)
develop acrospace  qual ity safe 1,i-$0C1,
cells capable of delivering 300 Wh/kg at
¢c/2r-at-e and having an active shelf life, of
great er than & years. Meceting this
chal 1 enge, initiated in 1980, required an
approa ¢h  that included wor-k on t he
fundamental understanding of the reaction
mechani sme | comnposit ion and physical
structure of the electrodes and grids, role
of the electrolyte, design of the cel ]l and
balance (f water ials, performance and
safe ty/abuse tests followed by cell
des t ruct ive physical anal yses. The
development of a high rate primary lithiun

thionyl chloride (Li-so0C),)
clectrochemical co) 1l culmi nated in 1986
with the demonstration of a 300 Wh/kg 'D!
Size' cell (Table 1) capable of continuous
discharge at the ¢/2 rate ' 3).

The resulting accomplishment was recognized
by the ATr Yorce Space Systems Division
(AFSSD) . AFSD awarded a contract to Jpl,
to to devel op 350/ ?50 Ah  cells and
batteries for the Centaur launch vehicle.
The Cent aur regul rements arc guit ¢
sty ingent and include per formance tests,
thermal , shock, safety, and vi brat jon te st s
at  high levels 1t meet the expected
profiles, as wel 1 as six-ycar storage and
pul se cli scharge at the C¢/3 rate. (re
Government Systems (later Yardney Technical
Product &) and Honeywell Power  Sources
Center (later Alliant Tech Systems) were
selected by competit ive procurement to
design, fabricate, and test state,-c~f-ar-t
high rate 150 Ah cells in |'base | of the
task. Phase 2 of the devel opnent, was to
sel ect  one  contractor based on  cel)
perfornance dat a and to develop «a
lJightweight battery capable of meeting
Centaur flight reguirements. Near the end
of the Ph as ¢ 1 development, the Air Force
discontinued the 150 Ah cell and battery
devel opme nt and focused on the
demonstration of a 250 Ah 1Li/S0Cl, battery
for Centaur . Both contr act ors e re
selected for Phase 2 after cell critical
design revi ews (cl)Its) a nd hattery
preliminary design reviews (1'1)}<s).

Consd de rabl e progress  yae madoe Ly l})()t}

contractors. Both contract ors 1) (f

successful cell and battery crit ical design

re vi ews and manuf actu ring readi nes s revi cws

(MRR&) Both cont racto rs delivered high

rat e  cells il batteries that met  or
11 . 1+ . X
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preliminary thermal requircuwents. 7Testing
results jndicated the suitability of the
hasic cell and battery designs for each
cont rac'tell-

Yardney Technical Product s initially
developed a light weight titaniun battery
case design t hat net st ructural
requi rement s 1out not t hermal requi rement s .
Subsecquently Yardney with the assistance
from Jrl, devel oped andt es t ed an al uml num
housing for the batt ery. An Aluminum DBET-3
battery, (Figure ?) based on a JPlL
suggested de sign and weighling 79 pounds
successfully conpleted shock and vibrat ion
test ing without overheat I ng Cel)
perf ormance, cal orimet ry, and  p1es sure
testing we re co mpl eted . bBattery
qualific ation was initiat ed. Two batteries,
conpl eted envi ronment al dynanics, one
battery completed heater safety, 1life and
prelaunch test ing, one battery conpleted
operat ional life tessting, and t hernal
vacuum Wore st Case, Hot - Payload Batte ry
(WCH-PLB) testing was conpl cted.

SECONDARYILITHIUMCELLPRO GRAM

Amnbient temperature sccondary lJithium
batteries have several intrinsic  and
potential advantages including higher
cnergy density, longer active shelf life,
and lower self discharge over conventional
Ni-cd, Ph-acid and  Ag-Zn batteries.,
successful development of these batterices
will yileld large pay-offs such as 2-3 fold
increase in cnergy storage capability and
a longer active shelf life of 2 to 4 years
over Ni-Cd. A detailed analysis of the
strengths and weakness of secondary lithium
cells has indicated that these cells are

moet suitable for small apacoecraft
applications requiring less than 1 kW
power. Secondary Jlithiun batteries are

presently being considered for a number of
advanced planctary applications such as
planctary rovers (Mars Rover, lLunar Rover),
planetary space craft/probes ( MESUR, AIM,
ACME, Mercury Orbiter) and penetrators.
These batterices may also boe atiractive for
astronaut cguipment and Geo-SYN
spacecraft.,

Sccondary Jlithium cells presently under
developuent in United States, Burope and
Japan. These batteries can be classified
inte two groups based on the type of
electrolyte employed: 1) liquid electrolyte
batteries and 2) polymer celectrolyte
batteries. Both these types of batteries
employ lithium netal as the anode waterial.
A number of materials such as Tis,, Mos,,

S [SIFeN 14 3 N
Mc‘)ss, N}v.»cz,vyow \('.OB’ Loy, M0, Ly V0,
11, CoO, and Liy, N10O, were covaluated as
candidate cathode materials. During

discharge of the c¢ell, lithium metal s
oxidized into lithium ions at the anode and
lithium dons  undergo  an  intercalation
reaction at the cathode. bhuring charge
reverse procesces occeur at cach electrode.

Under a NASA Code ¢ aponcsorod prooran Jd
is developing anbicont teaperature secondary

Tithium celle for future S
applications, The oy duary  objective  of
this program 1= o develop rechargeable
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noderatede plhs of discharge (50 percent )
The majo r R&D thrusts of this program are
to inprove cycle 1 ife and safety of thesc
cells. The technical approach consists of:
1) ddentification of advanced ¢l cet rode
mate rials cathode) and
elect.]-clyte:} "~ ~~Lid:l'~~]d solid polyner
electrolytes) capablc of high specific
energy a nl 1 ong cycl e life, 2)
determination of the influence of design
varjables oncell perf ormance and saf ct vy,
and 3) development of prototype cel |s ant]
4) estah] i shment of a performance data

hase. Four dif ferent types of 1 ithiun
batteries were proposed for developnent
under this program  They are : 1) lithium
batteries with ligquid organic electrolyte
2y lithium i on batteries with liquid

organic electrolyte 3) lithium polymer
batteries, and 4 lithium ion polymner
batteries.

After a detailed assessnent of a number of
cathode miter ial s., Tis, was Stlected i
vi ew of its dntrinsic reversibility ancl
high specific energy. Experimental 1 Ah
Lithium - 7Tit anj um Disulfide (1Li-718,)
cells containing a liguid organi ¢
electrolyte (developed at JPl)  achi eved
more than 950 cycles at 50 percent depth of
discharge'™ (Figure 6). These cells have
a specific energy > 120 Wh/kg and can
operat ¢ at two hour- discharge rate (¢/2)
(Figure 7). Work is in progress to scale
up this technology to the 5 Ah cell size.

A carbonaccous material was identi fied as
an al t ernat e anode nat erial . Use of this
naterial is projected to inprove the safety
and cycle life, of the, seccondary lithium
batteries. 7This mat erial was found to have
a specific capacity of 200-250 mAh/gm at

c/10-¢/2 di scharge rates ‘% (Table 11).

Work is in progress f-o develop 1 Ah lithiun
ion cel 1l s with net al oxide cathodes.

JPI. has developed a number of polyether -
based solid polymer clectrolytes and aglled
clectrolytes since 1989087,
Polyethylencoxide (PEO) and
polyacrylonitrile (I"AN) pol yners vereo
investigated as the basel polymers, The
polyet her-baseoed elcectrolytes have
appreciable conductivity near 3100°C anti
stiow stable interfacial stability towards
lithium. The gelled elect.rc]lytes  were
found to have 102% s cm’'conductivity even
at rocomt emperat ure Howe ver , these gelled
clectrolytes are found tc he recactive
towards lithium and require modification to
improve their stabili t y towards |jthium
Recently, Jp1 developed a conposite sol id
polymer electrolyte with lithium transport
nuuber close to unity. This electrolyte is
suitable for use at near 10 0° and i«
projected to provide long cycle life. Some
of the important propertics 0f the gg) id
polymeric electrolytes developed at JPL are
given in Table 111 Work is in progress Lo
transition this te chnology f 1 on the
mater 1als Jevel to the cell level

S01) 1 UM-METAL CHLORIDE C F LLPROGRAM

A new class of high temperature, sodium

rechargeable batteries based on transition

metal chlorides as positive electrodes have
- . A L.
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systoems arce similar to the sodium-sulfur
batteries in terns of anode half cell and
the (high) cnergy densities. 1In addition,
the use of solid metal chloride cathodes in
basic chloroaluminate meltis results in
several significant advantages, including
lower operating temperatures, improved
safety and higher reliability. These
batteries are suitable for large spaccecrafit
that reqguire in excess of 2 kW of power.
and are ideal candidates for missions that
require high operating temperature
capability. JPl, is presently considering
these batteries for missions to planet
venus. This mission requires batteries
that can operate at temperatures as high as
300-400°C.

The primarey objective of the JPl progran
is to conduct exploratory scientific
studies on sodium metal chloride battery
systems and deteruwine theldr suitability for
space applications. Based on the results
of these studies a decision will be taken
in 1994 to initiate an applied research
program Jeading 1o the developnent of
practical hardwarc for technology
demonstration.

The rescarch ceffort at JpPl. has f{ocused
mainly on understanding the basic
celectrochenical  behavior of  the metal
chloride cathodes, i.¢, in verifying the
electrochemical reversibility, elucidating
the reaction mechanisms, estimating the
rate parancters and identifying the rate-
liniting processcs. Sceveral transition
metal chlorides have been evaluated for
their electrochewmical properties. The
results obtained clearly indicate that
NiCl, is intrinsically more reversible and
stabic- in the electrochemical environment
of the cell than the other cathode
naterials, Based on these results Nicl
was selected for further detailed
assoessuent,

Experimental 2 Ah Na/NicCl, cells containing
various additives werce made and the cycle
life performance of these cells  was
determined at  300° ¢ (Figure 8). The
purpose of this study was to determine
cffect of additives on the cycle life
performance of these cells, The results
obtained suggest that addition of small
gquantities of sulfur reduces the premature
capacity Jloss and improved the cycle life
performance® .  Post wmortem analysis of the
cells revealed that there 1s a considerable
agglomeration in  the electirode during
cycling in the abscence of sulfur additive.
The grain size has  increased  from  an
initial value of “15 g to 50-60 ju during
cycling in the cell without additive. 1n
the cells with the sulfur additive, on the
other hand, the grain size was reduced to
5-10 1. Addition of transition metals,
cspecially Mn and  Fe  also  appears to
provide some degrece of protection against
such rapid capacity decline, though the
ceffect is not as prowminent as with sulfuar.
Work s in progress to asscess the oyelo
life perforuwance of thias o

NICKEL-METRI, HYDRIDYE CHELI PROGRRM

Ni-MH systow has telce the specit e energy
and oneray et g s e L P O
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charge methods are similar for both Ni/MH
and Ni/cd cells Further, Ni~-MH cc, ] Iscar

tolerate overcharge and overdischarge,
These cells do not develop significant
pre sure during cell operation. Both the

¢l ect rode reactions in Ni/MH involve sol id

state reactions involving pro ton
intercalati on and de- inter-calation. The
absence of di ssol ution precipitate on
react ions at the negative c'] cctrode

elimnates the possible cell failure due to
dendri te shorts.  Thie metal hydrides cel 1 s
arc believed to be non-toxic and
environmental ly acceptable and ther efore
pose no problems in disposal

A programwithbasicand applied rescarch
el ement s was> injtiated in FY 1993 at JPI.
The main object ive of the basic resecarch
¢l ene nt l's to develop advance d met a]

hydride materials with i wproved specil ic
capac 1ty and electrochemical  stability.
The appl ie d resea rch element s aimed at

assessing the technology of t.tic, SOA NI-MH
batte rie s anti  gual ifying these batteries
for space appl icat ions. Ni-MH cells will

be procured from Gates and kRagle Pitcher
indus tries and the, cel 1l s wil 1 be eval uated
for their electrical characteristics, cyacle
1i fe performance, and operat i ng t cmperat ur e
range .

SUMMARY AND CONCLUSIONS
JrlL. s developing a number of adva nce d

batterices for future s.pace applications
under a NAS A sponsored program. Some  of

the, major acconpl ishments are:

1) beveloped high rate '[)’ size 1i-socl,
cel 1 g with a specif ic energy of 300 Wh/Kd
for planctary applicat ions . Thi

subscequently scaled to 250
an Air  Prorce spons orcd
centaur 1 aunch ve hicle

technology was
Ah size, under
prog ram for
appl i cat ions.

2} DLeveloped 1 Ah anbient  temperature
seconda ry 14i-71S, cells Wth a specific
energy of 100  wWh/Kg and capable of
delivering 1000 cycles at 50% DOD. Work is
in progress to develop lithium ion cell
technology.

3 Developed a nunber of polyet her-basced
polymer ant] gelled clectrolytes for usc in

lJithium polymer batteries. Work ls in
progress to transition this technology f on
the materials level to the, cell level .

4) Demonstrated the usefulness of sul ur
additjves to i nprove the Cycle 1 fe

performance of Na-NiCl, cells.

%) Assessment of
space appl icat

Ni~MH cell technology for
ions s “in progress.
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TABLE 1 PERFORMANCE CHARACTERI STICS OF UPL s

L1-50CH, CELLS Al 70°F

CHARACTERISTIC

CAPACITYTOQZ2 0V
OPERATING VOLTAGE
SPECIFIC ENERGY Whikg
ENERGY DENSITY WA e ~a

DISCHARGERATLE (A)

116
az
317.0
675 0

1
111 120
33 34
3110 343 0
662 o 7310

TABLED. Rate Capability of Li out (C) and Li in (D) in Li,G
Angde

CURRENT (mA/cm?)

0.167
0.333
0.667

1.000

Jable 111.
Polyner Elcctrolyte

PEO-)2CRA/LIBE,
PANSPCYLIBE,
PVE,PCH LiBY,

ENVIBAR4ECA PCY L
Inide

Conposite Flectrolyte

CAPACITY_ (mAh/gm)

235
214
208

200

Properties of JPL Folymepic' Electrolytes

Conductivity s cn’'

o % 10 at 100%C
1.9 % 107 at 20°C
1.6 % 107 at 20°C

10°% at 20% ©

“10° at 100°C

Lithiunlransport
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